ABSTRACT: Platelets play a major role in hemostasis and thrombosis, by binding to the underlying extracellular matrix around injured blood vessels, via integrin receptors. In this study, we investigated the effects of adhesive ligand spacing on the stability of platelets' adhesion and the mode of their spreading on extracellular surfaces. Toward this end, we have examined the differential adhesion and spreading of human platelets onto nanogold-patterned surfaces, functionalized with the αIIbβ3 integrin ligand, SN528. Combining light-and scanning electron-microscopy, we found that interaction of platelets with surfaces coated with SN528 at spacing of 30−60 nm induces the extension of filopodia through which the platelets stably attach to the nanopatterned surface and spread on it. Increasing the nanopattern-gold spacing to 80−100 nm resulted in a dramatic reduction (>95%) in the number of adhering platelets. Surprisingly, a further increase in ligand spacing to 120 nm resulted in platelet binding to the surface at substantially larger numbers, yet these platelets remained discoid and were essentially devoid of filopodia and lamellipodia. These results indicate that the stimulation of filopodia extension by adhering platelets, and the consequent spreading on these surfaces depend on different ligand densities. Thus, the extension of filopodia occurs on surfaces with a ligand spacing of 100 nm or less, while the sustainability and growth of these initial adhesions and induction of extensive platelet adhesion and spreading requires lower ligand-to-ligand spacing (≤60 nm). The mechanisms underlying this differential ligand-density sensing by platelets, as well as the unexpected retention of discoid platelets on surfaces with even larger spacing (120 nm) are discussed.
P latelets are cell fragments, derived from bone marrow megakaryocytes, which play an essential role in arresting bleeding from injured vessels. 1, 2 They are involved in multiple physiological processes, including the regulation of vascular integrity, angiogenesis, inflammation, and wound healing. 3 It had been extensively demonstrated that the functionality of platelets is tightly regulated by their selective adhesion processes, whereby they adhere to sites of injury, where endothelial cells are altered, the subendothelial extracellular matrix (ECM) is exposed, and a blood clot is formed. 4−7 Initial adhesive interaction with extracellular surfaces, such as a fibrin clot (mediated via αIIbβ3 integrin receptors) or basement membrane-associated collagen (via α2β1 integrin or GP VI), trigger platelet activation, which further regulates the adhesion to and spreading on the external surfaces. 8, 9 These, and additional, postinjury processes, like the binding of von Willebrand factor to collagen, modulate the adhesion specificity and exert major effects on platelet structure and cytoskeletal organization. 10−14 Following initial interactions with the extracellular matrix (ECM), discoid platelets undergo activation, manifested by the extension of multiple filopodia that mediate the initial adhesion to the surface. Depending on the nature of the surface, the presence of specific activation agonists and the mechanical environmental conditions (e.g., shear stress), platelets can enhance their adhesion to the surface and spread on it. 15−17 Actin filament assembly serves as the primary driving force for the extension of filopodia and lamellipodia, and actin 'nodules' were described, and suggested to play a role in the mechanocoupling between platelets and the substrate. 18 That said, the mechanism underlying the initial, actin-driven stages of adhesion and spreading are still poorly understood. It was shown that ligand density affect integrin mediated cell adhesion. 19 It was proposed that upon initial contacts of αIIbβ3 integrin with surface-bound fibrinogen or fibrin, a kinase-signaling cascade is activated, which enhances the adhesion and spreading process, 20 orchestrated by actin modulators, such as gelsolin, β4-thymosin, and profilin. 21 Figure 1. (A) Structure of SN528, a mimetic ligand of αIIbβ3 integrin. Chemical binding to the nanogold occurs via the SH group; (B) PEG2000-silane, which binds the exposed glass surface, and serves as cell repellant layer; (C) Representative HR-SEM micrograph of nanostructured glass surfaces with interparticle spacing of 30, 60, 80, 100, and 120 nm ±10; (D) Immunofluorescence images of actin-labeled platelets seeded on (left to right) 30, 60, 80, 100, and 120 nm nanopatterned surfaces, bioactivated with SN528; (E) Quantification of the number of platelets per 1 mm 2 of substrate. The statistical difference between the platelets attaching to 30 and 60 nm surfaces determined by t test was p < 0.01, and the difference between 30 and 60 nm surfaces to all other surfaces determined by ANOVA test was p < 0.001. The results were checked by the Kolmogorov−Smirnov test. Standard deviation is displayed; (F−H) SEM images of platelets adhering to surfaces with 30, 60, and 120 nm nanogold spacing.
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Further cytoskeletal reorganization triggers the secretion of platelet agonists such as adenosine diphosphate (ADP) and serotonin, as well as adhesive proteins such as platelet factor 4, fibrinogen, and von Willebrand factor. 20, 22 Once secreted, these agonists induce further cytoskeletal reorganization, leading to Rac1-and αIIbβ3-dependent lamellipodia formation and assembly of contractile actin bundles. 23, 24 Throughout this process, platelets apply force to the underlying surfaces, 25, 26 which induces the formation of focal adhesions (FA)-like structures. In their absence of contractile forces (e.g., following relaxation induced by myosin II or Rho kinase inhibitors) these adhesions undergo disassembly. 27−30 Such forces, generated by adhering platelets, play important physiological roles, both in the reinforcement of the adhesion and in processes such as wound closure and clot retraction. 31, 32 It was further shown that the assembly of adhesion sites is regulated not only by the chemical composition of the substrate but also by its physical properties, including rigidity, 33−36 microtopography, 37−40 and ligand spacing at the micro-and nanoscales. 41−47 It was further established that keeping ligand density constant while increasing substrate stiffness, results in stronger adhesion, 48 yet in recent studies, 49 it was shown that adhesion to soft surfaces can be maintained even when ligand spacing is large and insufficient for supporting adhesion to stiff substrates.
In this study, we address the effect of ligand spacing on the formation and stability of platelet adhesions to surfaces, functionalized with a biomimetic ligand (SN528), highly specific for αIIbβ3 integrin, with IC50 = 3.58 nM. 50 To address this issue, human platelets were seeded on ordered nanopatterned surfaces, consisting of gold nanoparticles, spaced by 30−120 nm, and functionalized by a high affinity αIIbβ3 integrin ligand, namely, SN528. Combining live cell microscopy, with immunofluorescence and scanning electron microscopy, we monitored the adhesion, spreading and cytoskeletal reorganization in adhering platelets. The results, presented here show that lateral spacing of integrin αIIbβ3 ligand of up to 60 nm supports platelet spreading and the formation of stable adhesions. Seeding platelets on surfaces with larger spacing yielded unexpected results, manifested by the essentially complete failure of the platelets to adhere to nanopatterned surfaces with 80 or 100 nm spacing, yet retaining their capacity to attach, without spreading, to surfaces with 120 nm ligand spacing. The implications of these results on the differential effects of ligand density on initial platelet activation and the formation of stable matrix adhesions are discussed.
To evaluate the effect of ligand spacing on platelets attachment and spreading, fresh human platelets were seeded on nanopatterned surface, functionalized with SN528 ( Figure 
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Letter 1A), a peptidomimetic ligand of αIIbβ3 integrin (based on the antithrombotic agent Tirofiban 51 ). This mimetic ligand demonstrated superior specificity for platelet integrin αIIbβ3, compared to a variety of RGD peptides, 50, 52 in line with our experiments (data not shown). Prior to functionalization, the surfaces were passivated with PEG-silane ( Figure 1B ). The regularity of the nanogold patterns was verified using SEM imaging as shown in Figure 1C .
To evaluate the effect of interparticle spacing on adhesion and spreading, platelets were fixed, permeabilized, and visualized by F-actin labeling 1 h after plating. The results, based on five independent experiments, indicated that SN528-gold spacing has a dramatic effect on platelets attachment and spreading ( Figure 1D ). Platelets attached and spread best on surfaces with 30 nm spacing as seen by SEM ( Figure 1F ), with moderately lower adhesion to surfaces with 60 nm spacing ( Figure 1E ), although still leading to the formation of fully spread platelets ( Figure 1G ). It is noteworthy that adhesion fo platelets to the densely patterned surfaces was comparable to the adhesion to surfaces, uniformly functionalized with fibrinogen (data not shown). Increasing the spacing to 80 nm resulted in over 95% decline in the number of attached platelets, and on the 100 nm substrates, only few, poorly spread cells were found ( Figure 1D ). Unexpectedly, further increasing the spacing to 120 nm significantly increased the number of attached cells, which were still significantly lower (25% and 40%) than the number of platelets attached to the surfaces with 30 and 60 nm spacings, 
Letter respectively, and mainly exhibiting the discoid shape ( Figure  1H ).
SEM examination of platelets, fixed at different stages of spreading, provided information on the morphological transition of platelets from discoid to filopodia-rich adherent stage (Figure 2A,B) and the progression to lamellipodial spreading ( Figure 2C−F) . This demonstrated that both the filopodia and the lamellipodia are extended at the ventral aspect of the platelets, in line with the interference reflection microscopy (IRM) monitoring ( Figure 3A) . The progressive transition from initial discoid adhesion to filopodial and lamellipodial spreading is manifested by increased "roughness" of the cells' perimeter, during the filopodial stage, and a reduction in roughness with the outward extension of the lamellipodium ( Figure 2G ).
To monitor the initial dynamics of the spreading process, we have compared, by real-time IRM (Figure 3 ) or phase-contrast optics (Figure 4) , shape changes shortly after plating.
Live cell IRM ( Figure 3 , also see Movie S1) indicated that the earliest physical contacts with the substrate are transient, with short lifespan of seconds to a few minutes ( Figure 3A , time points 1−3), followed by the formation of stable adhesions to the external surface, initially mediated via the tip or shaft of filopodia ( Figure 3A , time points 2 to 4). Upon longer incubation, a fraction of the platelets (varies between 40 and 55%) lamellipodia are formed, which initially "fill in" the gaps 
Letter between the attached filopodia and further extend radially ( Figure 3A time point 6, Figure 3B ).
It is noteworthy that platelets seeded on uniform fibrinogencoated surfaces display similar spreading properties; with a fraction of platelets arrested at advanced filopodial spreading and a comparable fraction proceeding to full lamellipodial spreading ( Figure 4D ). The reason for these observations are not well-understood, but the addition of Mn 2+ to these platelets, induced a rapid and essentially complete lamellipodial spreading of the platelets that were arrested in the filopodial spreading stage ( Figure S1 , and Movie S2). This suggests that the transition between the two forms of spreading is highly dependent on the state of αIIbβ3 integrin activation. 53 The fully spread morphology of Mn 2+ induced platelets seem to differ from regular spread platelets, the reasons for this is yet to be investigated. Platelet progression through the different phases of spreading differ between fibrinogen and the 30 and 60 nm surfaces, where we see a faster initialization of spreading on the spaced surfaces, but later, the platelet seems to linger in the lamellipodial stage for a prolonged time ( Figure 4D ). Monitoring platelets' interaction with surfaces functionalized by 80/100 and 120 nm ligand spacing could not be visualized by IRM, yet loosely attached platelets could be recognized, mainly by their restricted lateral mobility. As shown in Figure 4B , many of the platelets juxtaposed to the 80 or 100 nm nanopatterned surfaces extend filopodia, indicating that they were activated (Movie S3). In contrast, the vast majority of platelets adhering to the 120 nm surfaces remained discoid ( Figure 4C ). This observation is consistent with the interpretation that platelets interacting with nanopatterned surfaces with spacing of up to 100 nm can induce filopodia extension, yet a higher ligand density (spacing of up to 60 nm) is needed to further sustain stable adhesion ( Figure 4A ). In contrast, the nonactivated, discoid platelets attached to the 120 nm patterns, can sustain a loose adhesion to the substrate.
Given that the spacing between the gold nanoparticles is well below the resolution of conventional light microscopy, 54 we have utilized high resolution SEM for visualizing of the interface between the platelets and the nanopatterns. The SEM images shown in Figure 5 reveal a platelet, fully spread on the 60 nm surface, forming clear contacts with the gold particles, mediated by short "nano protrusions" extending from the peripheral lamellipodium ( Figure 5 ). Typical protrusions displayed uniform dimensions in the order of ∼25 nm in diameter and ∼70 nm in length with a variance of ∼10% (Figure 5B,D) . The gold particles are best resolved using the BSE mode ( Figure  5A,C) . Occasional local detachment of platelet from the nanopattern provides an opportunity to visualize the ventral surfaces of the flipped-over platelet, revealing multiple protrusions ( Figure 6A ). These adhesions ( Figure 6B,C) had similar dimensions to those formed with uniform fibrinogencoated or gold/SN528-coated glass surfaces ( Figure 6C −E and The nanopatterned surfaces form uniform and highly ordered nanofingers, with an average length of 68 ± 3 nm and width of 24 ± 2 nm. Platelets seeded on uniform fibrinogen, form fewer and less uniform nanoprotrusions, many of which are long, cone-shaped (80 ± 10 long, 12 ± 3 nm wide).
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Figure 5B−D), yet the nano protrusions formed on uniform fibrinogen-or gold/SN528-coated surfaces, were less abundant and rather irregular compared to those formed on the nanopatterned surfaces.
To further determine whether ligand spacing on the densely functionalized surfaces, which support platelet spreading (on 30 and 60 nm pattern), affects the shape and molecular composition of the adhesion sites, we plated platelets on the two adhesive nanopatterned surfaces, fixed them after 60 min, 
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Letter and labeled them for F-actin, and the adhesome proteins vinculin and zyxin. Vinculin is a prominent component of essentially all integrin-mediated adhesions, while zyxin is primarily associated with mechanically stimulated integrin adhesions, 55, 56 and thus, the relative levels of the two proteins can shed light on the mechanics of the platelet-surface interaction. As shown in Figure 7A ,B, three main morphologies were noted in platelets adhering to the 30 and 60 nm spacing, respectively; these include (I) poorly spread cells, with compact actin staining and radial filopodia (typical platelet diameter 2−3 μm, see Figure 7A ,B), (II) Platelets with extensive filopodial spreading, and multiple radial adhesions, containing actin and both vinculin and zyxin. The typical diameter of these platelets was 5−6 μm, (Figure 7A,B) . (III) Platelets with full lamellipodial spreading and polarized, oval shape with long axis of 7−8 μm and minor axis of 5−6 μm. Surprisingly platelets spread on uniform gold and SN528 show a smaller spread platelet area ( Figure 7C ). In the platelets, actin bundles run at the platelets' flanks, and along the major axis. Vinculin is widely localized at the cell periphery, including focal complexes at the edge of the lamellipodium. Zyxin was absent from the focal complex area and enriched mainly around the platelets' poles ( Figure 7D−F) . Comparison of the fraction of platelets displaying each morphology on the 30 and 60 nm surfaces, showed considerable variability, yet, consistently, the spreading on the denser surface (30 nm) was dominated by full lamellipodial spreading (Figure 7A ), while the spreading on the 60 nm spacing was mostly radial, with multiple filopodia ( Figure 7B ). To further explore the relative content of vinculin and zyxin in platelets spreading on the two surfaces, we calculated the normalized intensity ratio of vinculin and zyxin. 
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The results indicate that zyxin-rich zones (blue) are usually located at the peripheral aspect of the adhesions compared with vinculin-rich contacts, which are detected throughout the ventral membrane of platelets adhering to the 30 nm surfaces ( Figure 8A , showing partial radial spreading and Figure 8B , showing platelet with full lamellipodial spreading). Using the same parameters for calculating the intensity ratios in platelets adhering to the 60 nm surface showed considerably lower prominence of zyxin-rich adhesions ( Figure 8C ). Given that recruitment of zyxin is highly contractile force dependent, these results suggest that ligand-dense surfaces, primarily the 30 nm surface, induce stronger contraction in the attached platelets, which, in turn, induce larger local accumulation of zyxin.
In conclusion, we show, in this study, that variations in adhesive ligand density have multiple effects on platelet activation, surface adhesion and spreading, which have major physiological significance. Specifically, we show that the earliest adhesion-related morphological manifestation of ligand density sensing via integrin αIIbβ3 is the extension of filopodia, which, occurs shortly prior to the establishment of stable adhesions with the fibrinogen-or SN528-functionalized matrix. We further show here that a ligand spacing of 100 nm or less is needed and sufficient for this initial filopodia formation. Once formed, these filopodia can adhere to the functionalized surfaceyet the formation of stable adhesions requires higher ligand density (spacing ≤60 nm), suggesting that the mechanical stability of adhesions requires multiple, close-range molecular interactions. This is consistent with previous reports showing that adhesions of cells to surfaces with interligand spacing of >70 nm are highly unstable. 41 We further show that substrates with ligand spacing of 30 and 60 nm, support platelet adhesion and spreading, comparable to those obtained with platelets seeded on uniform SN528 or fibrinogen, though, the 30 nm surfaces are more efficient in stimulating full lamellipodial spreading compared to the 60 nm surfaces, which induced mainly filopodial adhesion and were more effective in recruiting zyxin to the adhesion site, suggesting a higher contractile activity.
The presence of flow would likely affect the adhesion, as adhesion via integrin αIIbβ3 is not the primary interaction and adhesion mechanism under shear stress. 7 Once the primary adhesion is established and the platelets are recruited, we speculate that the inter dot distance would be maintained, but perhaps we would see a faster progression through adhesion stages as the platelets are being activated by the shear stress. 57, 58 Under shear stress, we expect that the platelets attached to the 120 nm spacing surface will be washed away.
On the 80−100 nm patterns the platelets exert filopodial extension, but are not able to stably attach to the surface ( Figure  4B ). The filopodia are straight and the tip of the extension is attached firmly as seen by IRM ( Figure 3A time 32'45'' black tip of filopodia) suggesting that traction forces are applied to the substrate. 59 As filopodia are known to be sensitive to spatial cues, 60, 61 on 80−100 nm surfaces, we observed an extension of filopodia, and then an initial spreading, followed by contraction that leads to detachment as the adhesion to the underlying surface is not strong enough to sustain the adhesion. On lower densities, as the 120 nm surface, we did not witness filopodial extensions and perhaps therefore the platelets did not retract and detach. The platelets, therefore, remained attached (though in low numbers) as discoid shaped platelets.
A close examination of the interface between the cell membrane and the adhesion ligand, using high-resolution SEM, indicated that individual membrane adhesions occur via nanoprotrusions that are uniformly attached to the functionalized nanogold particles, both at the lamellipodial periphery and on the filopodial extensions. The regularity of individual adhesions was much higher on the nanopatterned surfaces compared with uniformly functionalized surface, which is attributable to the ligand confinement that induces a highly ordered local molecular interaction pattern and globally regulates the adhesion process.
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